Magmatic emplacement and differentiation processes typically produce compositional or petrographic signatures that are easily recognized and interpreted. However, these signatures can sometimes be indistinct or ambiguous, particularly when the available data sets are limited. Detailed sampling of a continuous drill core through the 250 m thick Black Sturgeon Sill (Nipigon, Ontario) provides an ideal opportunity to rigorously characterize the compositional variance in a natural system using principal component analysis. We identify three significant principal components, or composite variables, that together account for $90% of the total major-oxide variation in our data set and evaluate the petrogenetic significance of each. The first principal component is controlled by the contrast between residually-enriched liquids (which we interpret as evolved interstitial melt; PC1 > 0) and olivine þ anorthitic plagioclase (which we interpret as entrained crystal cargo; PC1 < 0). The second principal component is controlled by the contrast between 'gabbroic' (rich in plagioclase and augite; PC2 > 0) and 'ferrous' (iron-rich; PC2 < 0) compositions. The third principal component is controlled by the contrast between compositions dominated by felsic (PC3 > 0) and mafic (PC3 < 0) minerals. Compositional groupings, identified using k-means cluster analysis, correspond closely to observed petrographic zonation in the sill and demonstrate that the sill is a composite intrusion constructed from at least three sequential phases of magma injections. The first phase, with PC1$PC2$PC3$0, is a typical olivine diabase. The second phase, with elevated PC2, is dominated by plagioclase and augite, with little or no olivine. The final phase, with PC1 < 0, is the most primitive and was intruded as a slurry of plagioclase and olivine crystals. After substantial (but not complete) crystallization, interstitial melt was redistributed, particularly within the uppermost 40 m of the sill. This produced a heterogeneous upper zone, with PC1 > 0, in which highly evolved liquids collected in decimetre-scale lenses and patches. This study illustrates the value of principal component analysis for interpreting complex petrologic systems. Previous studies have demonstrated the value of principal component analysis for simplifying the representation of complex, multidimensional data sets. In this study, however, the primary benefit is the ease with which the petrogenetic processes responsible for compositional evolution in a particular system can be identified. By using the principal components as indices for the various processes and mapping their stratigraphic variations through the Black Sturgeon Sill, this study illustrates a broader application of principal component analysis that could be applied to many other systems of petrologic interest.
INTRODUCTION
Mafic sills are commonly used to develop and test models for igneous processes (e.g. Marsh, 1996; Latypov, 2003) . Their tabular shape reduces cooling and crystallization to a one-dimensional problem, particularly since any gravitational movement of crystals or melt is parallel to the primary direction of heat transport. Userfriendly tools such as MELTS (Gualda et al., 2012; Ghiorso & Gualda, 2015) accurately and easily model the compositional evolution of mafic systems. Perhaps most importantly, many sills are large enough to develop compositional complexity, yet small enough to retain primary igneous minerals and textures through sub-solidus cooling (Bé dard et al., 2007; McBirney, 2009) .
Many existing investigations of mafic sills are constrained by small data sets, often because of problems inherent in surface sampling, such as limited exposure and finite sample size and spacing requirements (e.g. Ubide et al., 2012) . This can make it difficult or impossible to properly interpret, or sometimes even recognize, small-scale compositional variability. Recent controversy regarding fundamental magmatic processes (e.g. Marsh, 2013; Latypov et al., 2015) is at least partially attributable to disagreement about the spatial adequacy and comprehensiveness of the data sets underlying competing petrogenetic models. Resolution of these controversies requires detailed data sets and objective analysis of the variability present in the rocks.
This study demonstrates the application of principal component analysis to compositional data from a densely-sampled diabase sill and uses the results to identify the petrologic processes responsible for its differentiation. It uses k-means cluster analysis of principal component scores to objectively identify compositional groupings and then discusses the petrogenetic significance of the spatial distribution of these distinct rock types in the sill.
GENERAL GEOLOGY OF THE BLACK STURGEON SILL
The Midcontinent Rift is an aborted spreading center located in the Superior Province of the North American Craton. It has recently been interpreted as the result of rifting of Amazonia from Laurentia, with a complexity analogous to the present-day East African Rift (Stein et al., 2014 (Stein et al., , 2015 . Igneous activity associated with the rift commenced at $1150 Ma (Heaman et al., 2007) and ceased at $1084 Ma (Fairchild et al., 2017) . A prominent series of hypabyssal mafic intrusions, collectively known as the Logan Supersuite (Hollings et al., 2010 ) is found at the surface and in the subsurface between the US-Canadian border and Nipigon, Ontario. These sills comprise two distinct compositional groups, the Nipigon Suite (primarily north of Thunder Bay) and the Logan Suite (primarily south of Thunder Bay), recognizable on the basis of a negative Nb-Ta anomaly and generally lower incompatible trace element abundances in the Nipigon sills (Hollings et al., , 2010 . The general petrology of the Nipigon sills has been previously described by Sutcliffe (1987 Sutcliffe ( , 1989 and Hollings et al. (2007 Hollings et al. ( , 2010 .
The Black Sturgeon Sill is a 250 m thick Nipigon Suite intrusion (Zieg, 2014) . It was intersected between depths of 139Á25 and 405 m in a core (BSE-07-01) drilled southwest of Lake Nipigon (49.337 N, 88.805 W; Fig. 1 ). The drill hole is at an angle of 70 from the horizontal, so the true thickness of the sill is almost exactly 250 m. The upper and lower chills are clear and sharp, fracturing is rare and the rocks are almost completely unaltered. Nearly all of the individual core pieces can be manually reassembled and sample positions are, therefore, accurate and precise.
Stratigraphic descriptions
We have divided the Black Sturgeon Sill into several distinct units based on texture, mineralogy and geochemical composition (Fig. 2) . In general, the boundaries between these major units are recognizable in the core. They are commonly subtle, however and most were only recognized retroactively, from discontinuities in textural or geochemical profiles.
Zone I (0-55 m) contains the lower chilled margin, which is $3 metres thick and contains glomerophenocrysts of olivine, plagioclase and augite in a very finegrained (<0Á15 mm) groundmass. The majority of Zone I consists of ophitic gabbro with minor olivine. Within this section, very large (up to 1 cm in diameter) augite oikocrysts enclose subhedral to rounded olivine and euhedral, randomly-oriented plagioclase chadacrysts. These rocks become slightly more primitive with height, based on decreasing incompatible trace elements and increasing Mg# and modal olivine content. Mean plagioclase length is <0Á5 mm.
Zone II (55-119Á5 m) consists of intergranular to subophitic gabbro, with lower abundances of both Ni and Y than Zone I. The boundary between Zones I and II is chemically, mineralogically and texturally gradational between 55 and $80 m and this gradational region is designated Zone IIa. Zone IIb is relatively homogeneous, consisting of intergranular diabase with elevated Cr and low Ni concentrations. Overall, the rocks in Zone II have distinctly coarser-grained textures (mean plagioclase length $1Á0 mm) than rocks in Zones I or III and are notable for their lack of olivine.
Zone III (119Á5-201Á2 m) consists of relatively finegrained, intergranular-subophitic olivine diabase. Modal olivine abundances range from 5 to 15% and locally up to 30%. Plagioclase crystals in Zone III usually exhibit moderate to strong parallel alignment and have mean lengths typically ranging from 0Á6-0Á8 mm. A thin horizon of Zone III-type rock occurs in Zone II between 97Á5 and 103 m and is designated Zone IIIx.
Zone IV (201Á2-250 m) is highly heterogeneous, with compositions that are generally more evolved than the rest of the sill. The lower part of this zone, designated Zone IVa, contains rocks that compositionally, mineralogically and texturally resemble those in Zones I and II. The upper part, designated Zone IVb, contains rocks that are more consistently compositionally enriched. These rocks are marked, typically on a decimetre scale, by abundant patches and lenses of highly evolved silicic material, consisting of granophyric intergrowths, skeletal Fe-Ti oxide minerals, apatite, albitic plagioclase and elongated augite crystals. They are slightly altered, but abundant primary amphibole and biotite are easily recognizable. Zone IVb also contains the upper chilled margin, which is $0Á7 m thick. Groundmass texture and mineralogy are similar to the lower chilled margin, consisting of pyroxene and plagioclase <0Á15 mm in length, except that glomerophenocrysts of olivine, pyroxene and plagioclase are more sparse in the upper chilled margin.
DATA SET
Our primary data set consists of XRF major and trace element concentrations for 315 samples, 77 of which were previously reported (Zieg, 2014) . Sampling interval was generally 2 m, except in the olivine-rich Zone III (50 cm), which is the focus of an upcoming study and in the highly evolved portions of Zone IV ( 1 m), because of its greater heterogeneity. In addition to the XRF data, we report modal mineralogy for 198 of these samples and trace element abundances (including rare earth elements) by ICP-MS for 16 samples. Representative compositional data are provided in Table 1 . The complete data set is available as Supplementary Data Electronic Appendices 1 (XRF data), 2 (ICP-MS data), 3 (CIPW norms and associated calculations) and 4 (modal mineralogy); supplementary data are available for downloading at http://www.petrology.oxfordjour nals.org.
Geochemical data
Geochemical analyses were made at Washington State University's GeoAnalytical Laboratory. Ten major and minor oxide and 19 trace element concentrations were determined by X-ray fluorescence spectroscopy (XRF) with a ThermoARL Advant'XPþ automated sequential wavelength spectrometer. Preparation and analytical methods, along with precision and accuracy, are described by Johnson et al. (1999) . In addition, 27 trace elements (including 14 rare earth elements) were analysed using an Agilent 7700 inductively coupled plasma mass spectrometer (ICP-MS). Preparation and analytical methods, along with precision and accuracy, are described at: https://environment.wsu.edu/facilities/ geoanalytical-lab/technical-notes/icp-ms-method/. Repeat analyses of samples are presented as Supplementary Data Electronic Appendices 5 (XRF) and 6 (ICP-MS) and show typical precisions within 1% relative (major oxides), $5% relative (trace elements by XRF), $10% relative (trace elements by ICP-MS). Trace elements beyond Ba are near detection limits for XRF analysis and thus have greater uncertainties. These were not used in our analysis, but are included here for completeness. Loss on ignition (LOI) was not measured, but the rocks from throughout the drill core display very little alteration and almost all the XRF samples sum to nearly 100%, even without LOI. For each compositional analysis, we calculated the normative mineralogy using the CIPW methodology as implemented in a Microsoft Excel V R spreadsheet by Kurt Hollocher (https://minerva.union.edu/hollochk/c_petrolo gy/other_files/norm4.xls). Along with normative mineralogy, this spreadsheet also calculates additional parameters, such as whole-rock and silicate magnesium number, plagioclase composition, differentiation index and estimated liquid density and liquidus temperature. All iron was analysed as ferrous (FeO T ); we recalculated the ferric/ferrous distribution for the purposes of generating a norm using the relationship: (Ragland, 1989) .
Mineralogy
Modal mineralogy was determined by point counting in transmitted light, with a total of $1000 points per sample. Uncertainties were calculated using the methods of van der Plas & Tobi (1965) . In the interest of efficiency, we did not distinguish between augite and pigeonite, instead aggregating both as pyroxene. Similarly, we aggregated all opaque minerals into a single category and counted all quartz and alkali feldspar as granophyre, even in the few instances where they lacked an intergrowth texture. Whenever possible, alteration minerals were counted as the primary mineral they were replacing (e.g. serpentine was counted as olivine). In addition to the common minerals reported, apatite was present in nearly all rocks at trace levels and primary biotite and amphibole were locally present in Zones I and IV, but usually in abundances less than 1%.
Compositional overview
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A negative Nb-Ta anomaly is common to the Nipigon suite of sills and has been attributed by Hollings et al. (2010) to crustal contamination. The abundances of Sr, Eu and Sc show effects of intra-sill plagioclase and augite fractionation. Several unusual trends distinguish the compositional profile of the Black Sturgeon Sill (Fig. 5) , including reversed trends in Mg# (Fig. 5a ) and Zr (Fig. 5b) between 0 and 150 m above the basal contact. These trends are the opposite of those that would be expected from closed-system fractionation of a single pulse of magma. The distribution of olivine (Fig. 5c ) is also unexpected. Rather than a smooth decrease in olivine abundance with increasing height, olivine is largely confined to three discrete portions of the sill: Zone I (0-55 m), Zone IIIx (97Á5-103 m) and . This leaves substantial portions of the sill with little or no olivine (e.g. 75-97Á5 m, 103-119 m). Ni concentration (Fig. 5d ) largely follows modal olivine abundance, but upward increases through Zones I and III are inconsistent with simple progressive olivine fractionation.
The compositional data suggest that the rocks in this sill were formed by a complex set of processes. In the remainder of this study, we characterize the nature and extent of the compositional variations, explore their petrogenetic significance and use the stratigraphic distribution of different rock compositions to develop a model for the emplacement and differentiation of the Black Sturgeon Sill.
STATISTICAL ANALYSIS

Principal component analysis
Principal component analysis (PCA) is a well-established tool in multivariate statistics. It uses inherent correlations in an input data set to construct a series of orthogonal basis vectors, referred to as principal components, such that the first principal component captures as much of 
*FeO T ¼ total iron as FeO. Oxides reported in wt %, trace elements in ppm, mineral abundances (both normative and modal) in vol. %. See Supplementary Data for full data set. the variation as possible from the entire data set and each succeeding component captures as much of the remaining variation as possible. Each principal component score is a linear combination of all M input variables (in this case, oxide abundances) for a given sample (i):
where the coefficient c m j is the loading of input component m on principal component j and X m;i is the abundance (in arbitrary units) of component m in sample i. Recasting the data in this form provides important benefits. Because of intrinsic correlations in the data set, principal component analysis can provide a more efficient (lower-dimensional) compositional space in which to describe and visualize the data than the standard oxide-oxide plot. This is similar in effect to combining two components that substitute freely for each other when conducting a phase rule analysis. In addition, because the eigenvectors (principal components) are orthogonal to each other, PCA ensures that the individual compositional vectors are uncorrelated and so provide independent information about the system. For a clear and thorough introduction to principal component analysis in geological systems see Davis (2002, pp. 509-525) .
The application of principal component analysis to compositional variations between and within petrogenetic suites is not new. Inter-suite studies (e.g. Melchiorre et al., 2017) have typically focused on dimensional reduction for the purpose of efficiently summarizing compositional variability and facilitating the discrimination of compositional groups. Intra-suite studies (e.g. Cann, 1971; Thy & Esbensen, 1993; Ragland et al., 1997; have typically focused on using PCA to recognize the petrogenetic processes driving compositional variability, based on the assumption that the most significant PCs will be controlled by important magmatic processes. However, very few studies have used principal component analysis to investigate whole-rock compositional variability in a stratigraphic profile through a single intrusion (Ubide et al., 2012 , is a notable exception). This study builds on the concepts and techniques developed in these earlier studies to identify the processes that control variability and understand the significance of these processes in a spatial context.
To avoid introducing bias, we selected a subset of samples to use in the principal component analysis. Where possible, we selected samples at 2 m intervals, omitting those spaced more closely. As noted above, Zones III and IVb were sampled more densely than Zones I and II and inclusion of all analysed samples would have overrepresented the compositional variability particular to these two zones. Compositions outside a 6 2r range were then eliminated from the 2 m set wherever possible and replaced with the nearest sample within that range. Application of these two selection criteria reduced the data set from 315 to 126 approximately evenly-spaced samples. For each sample, we investigated the variations in all XRF major and minor oxide data except MnO, which did not contribute any significant variance in a preliminary analysis. Trace elements were not used in the principal component analysis; they were held back to serve as an independent data set for interpreting the significance of the principal components. The samples that were used in the initial PCA calculations are indicated in the Supplementary Data Electronic Appendix 1.
Prior to analysis, we processed the data in two steps, a log transformation followed by standardization. The natural logarithm of the major oxide data was used to minimize the effects of compositional closure (e.g. Aitchison, 1999; Davis, 2002) and achieve normality, which was confirmed using the Kolmogorov-Smirnov test at the 95% confidence level. The log-transformed data was then standardized using the z-score: subtracting the mean (l) and dividing by the standard deviation (r) of the log-transformed input data for each input oxide (Supplementary Data Electronic Appendix 7). Standardizing the data during pre-processing is Sun (1995) . All of the samples show an overall 'OIB-like' trace element pattern, with a negative Nb-Ta anomaly that has been interpreted by Hollings et al. (2010) as the result of crustal contamination. Internal fractionation is indicated by intra-sill variability in Sr, Eu, and V. functionally equivalent to performing the principal component analysis on the correlation matrix, rather than the covariance matrix, and is particularly valuable if the input variables have different magnitudes. In igneous rocks, the more abundant oxides (e.g. SiO 2 , Al 2 O 3 ) typically vary over a greater absolute range, but much smaller relative range, than minor oxides such as K 2 O or TiO 2 . Standardization ensures that the variability in all input variables is considered equally. This combination of pre-processing steps is nearly identical to the methods discussed and evaluated by Iwamori et al. (2017) .
After pre-processing the 126-sample data set, we calculated the principal components (PCs) using the Matlab V R function pca. This generated nine principal components, each of which is a unique linear combination of the input variables (log-transformed and standardized oxide abundances). Eigenvectors (coefficients of each principal component), eigenvalues (system variance accounted for by each PC) and cumulative system variance explained by the first m PCs are available in Supplementary Data Electronic Appendix 8. After determining the transformation coefficients, we used them to calculate principal component scores for the full 315-sample dataset (Supplementary Data Electronic Appendix 9). To ensure that the PC scores for the full data set were calculated on the same basis as the scores for the initial data set, we followed the same preprocessing steps as for the initial data set, including standardization with the means and standard deviations of the log-transformed oxides from the initial data set (Electronic Appendix 7). Orthogonality of the principal component vectors is demonstrated in Supplementary Data Electronic Appendix 10.
One of the primary advantages of PCA is dimensional reduction, or the ability of a smaller number of composite variables (PCs) to represent the variations in a larger number of input variables (in this case, oxide abundances). To maximize this advantage, we determined the minimum number of PCs needed to adequately characterize the important compositional variability present in the Black Sturgeon Sill. Figure 6 shows the variance accounted for by each of the principal components (vertical bars), along with the cumulative percentage of the total system variance explained by considering principal components 1 through m (solid line). One common method to determine which components to retain is to only keep those whose eigenvalue is >1 (dashed line). This is equivalent to retaining only those principal components with more explanatory power than any one of the input variables alone. (Standardized variables intrinsically have a variance of one.) Another method for selecting significant PCs is to retain only enough to explain a certain fraction (commonly 90%, shown by the dotted line) of the total system variance. A final method is to look for an 'elbow' in the eigenvalues. Examining Fig. 6 , the first three PCs each have eigenvalues greater than one, together they explain 92Á5% of the system variance and an 'elbow' is clearly visible between PC3 and PC4. Therefore, we conclude that the first three principal components are the most significant and that PC4-PC9 can be safely neglected without losing essential information about the system.
Cluster analysis
We used k-means cluster analysis to objectively and robustly classify our compositional data set in the threedimensional principal component space PC1-PC2-PC3. The goal of cluster analysis is to identify groupings (clusters) in a data set, such that the members of each cluster are more like each other than they are like the members of any other group (e.g. Davis, 2002, pp. 487-500) . In k-means cluster analysis, the data set is grouped into k clusters by randomly selecting k initial cluster centroids, then assigning each data point to one of these centroids. The cluster centroids are then updated to reflect the new cluster membership and the process is repeated until the entire data set is classified into one of the k groups. Many initial seeding sets are evaluated to increase the likelihood of converging on an optimal solution. Through iterative trial and error, we selected 10 clusters (k ¼ 10) to balance between discrimination (ability to assign compositionally distinct samples to different clusters) and meaningful group memberships (ability to include compositionally similar samples in the same cluster). We ran 1000 iterations with different initial cluster centroid positions in threedimensional PC1-PC2-PC3 space using the Matlab function kmeans. The 10 compositional groups identified by this analysis are shown in Fig. 7 (and are also indicated in Supplementary Data Electronic Appendix 1). Most of the compositional groups can be distinguished based on their PC1 and PC2 scores alone, but some groups (e.g. 4 and 5) can only be distinguished by considering PC3 scores too.
The compositional groupings identified by the cluster analysis generally coincide with the stratigraphic zones previously identified using mineralogy, texture and composition (Fig. 8) . Table 2 compares the results of these two classifications quantitatively. Each row represents a compositional group (or set of groups) and each column represents a stratigraphic zone (or set of zones). The individual cells are the number of samples that are assigned to a particular compositional group (from the cluster analysis) and also fall within a specific zone (based on stratigraphic position). The final column of Table 2 is the total number of samples in each compositional group (N g ); the final row is the total number of samples in each stratigraphic zone (N z ). Entries in boldfaced italics indicate particularly strong or important associations. . Significance levels of the PCs. The first three principal components contain most of the variance in the data set (>90%) and each reflect variation greater than a single input variable (eigenvalues >1) and so they are the only ones retained in this study.
The primary relationships between the compositional groups and stratigraphic zones are summarized in Table 3 . The 48 samples in compositional Group 1 (which includes the chilled margin composition) are found nearly exclusively (96%) in stratigraphic Zones I and IV. However, over half of the samples in Zone IV belong to compositional groups other than Group 1. As noted previously, Zone IVb is especially heterogeneous. Ten compositional groups were assigned based on distribution of PC1-PC3 scores. Discrimination is greatest in (a), but distinctions can be recognized in all three diagrams and some groups (e.g. 4 and 5) can only be distinguished based on differences in PC3.
There are three distinctive compositional types (Groups 8, 9 and 10) that are nearly exclusively (96%) found in this zone, but they make up less than 90% of the total samples in this zone. In fact, only compositional Groups 4-7 are absent from Zone IVb (Table 2) . We can confidently predict that any randomly selected Group 1 sample will be from either Zone I or Zone IV, but we cannot be similarly confident that any randomly selected sample from Zone IV will have a Group 1 composition. The relationships in Zones II and III are more straightforward. The 53 samples in compositional Groups 2 and 3 are largely (81%) restricted to stratigraphic Zone II and are nearly the only type of sample found in this zone (98% of the samples in Zone II belong to compositional groups 2 and 3). Ninety-seven percent of the 167 samples in compositional Groups 4-7 are found in Zone III (and IIIx) and all but five of the total samples analysed from this zone belong to these four groups. The internal stratigraphic variations in Zone III, including the detailed relationships between compositional Groups 4-7 and their petrogenetic interpretations, are beyond the scope of this particular project. They will be the focus of an upcoming study specifically dedicated to Zone III. For simplicity, Groups 4-7 will only be considered together in the remainder of this study.
DISCUSSION
In an earlier study of the Black Sturgeon Sill, Zieg (2014) identified several important differentiation processes, despite a much smaller data set. Specifically, that study recognized three major factors that influenced compositional variations in the sill: mechanical accumulation of crystals brought in along with episodic magma influxes, liquid fractionation and collection through solidification front instability and compaction-driven expulsion of interstitial liquids. In this work, the combination of a significantly larger data set and more robust statistical analysis provides a more complete understanding of the nature and consequences of these processes and connects them more explicitly to the compositional stratigraphy of the Black Sturgeon Sill.
Interpreting PCs
Alone, principal components are simply composite variables that efficiently represent the variations and covariations in the original data. Before they can be used to understand the evolution of a particular system, each component's physical significance must be determined.
In this study, we interpret the first three principal components using relationships between the constituent oxides and the principal component axes. We also compare bulk-rock compositions to mineral compositions that have been transformed into the same PC coordinate system. We then test our preliminary interpretations by comparing principal component scores to other characteristics of the rocks, namely trace element abundances, normative mineralogy and modal mineralogy.
Because the principal component analysis only uses major oxide concentrations as input, the trace element and mineralogy data sets can be considered independent tests of our initial interpretations. In these comparisons, we use log-transformed and standardized abundances for individual trace elements, except for rare earth element abundances, which we normalize to CI chondrite (McDonough & Sun, 1995) . We have included a short tutorial on the interpretation of PCA results, which also includes modeling of common processes such as contamination and fractionation, in the Supplementary Data Electronic Appendix 11.
Preliminary interpretations
Although the loadings of the oxides on each PC are the primary key to interpreting their significance, they can often be difficult to interpret in isolation (see Supplementary Data Electronic Appendix 12). Biplots, or binary plots of principal component scores overlain by vectors representing the loadings of each oxide on the two PCs (Fig. 9a-c) , provide a better understanding of the relationships between the principal components and the constituent oxides. These plots highlight oxides that behave similarly in a particular compositional reference frame.
Graphical representations of the phases present in the sill (Fig. 9d-f ) provide more intuitive insight into the petrologic significance of the PC reference frames than the oxides alone. In this type of visualization, compositions are recast as PC scores using the methods described above. Each arrow represents the compositional trend produced by adding that mineral to an 'average' liquid (all PCs ¼ 0); the opposite direction would represent removal of that mineral. These trajectories are not truly linear for log-transformed data (see 
N g is the total number of samples in each compositional group; N z is the total number of samples in each stratigraphic zone. example in Supplementary Data Electronic Appendix 11), but for small to moderate amounts (e.g. 5-15%), the trends are sufficiently linear that the underlying relationships are adequately represented by these arrows. Mineral compositions used in Fig. 9 are taken from Sutcliffe (1989) . The specific analyses are Olivine 5 (Fo 55 ), Feldspar 1 (An 69 ) and Pyroxene 3 (augite, Wo 38 , Mg# 0Á74). These compositions are primitive, but not the most primitive encountered in the sill and were chosen as conservative approximations for the effects of any potential phenocryst accumulation. The actual effect of slightly different compositions, however, is very minor and would have no impact on our conclusions. The oxides Na 2 O, TiO 2 , K 2 O and P 2 O 5 all have strong positive loadings on PC1, which can be seen by their orientations close to the positive PC1 axis (Fig. 9a) . In the same figure, MgO and Al 2 O 3 have strong negative loadings on PC1, which can be seen by their orientations close to the negative PC1 axis. This combination suggests that positive PC1 scores represent evolved compositions and negative PC1 scores represent primitive compositions. Reference to the mineral projections (Fig. 9d) confirms this interpretation. Although olivine, plagioclase and augite are more closely aligned with PC2 than PC1, they all have negative PC1 scores. Thus, addition of these minerals, individually or in an assemblage, will drive compositions to lower PC1 scores. Fractionation of these minerals will drive liquid compositions to higher PC1 scores.
In a similar way, the oxides CaO and SiO 2 have strong positive loadings on PC2 and FeO T has a strong negative loading (Fig. 9a) . The significance of this pattern is less apparent, but negative PC2 clearly indicates compositions enriched in iron, while positive PC2 scores indicate calcium-rich compositions. Reference to the mineral projections (Fig. 9d ) allows us to extend this interpretation. Augite and plagioclase are close to the positive PC2 axis and olivine is close to the negative PC2 axis. Augite and plagioclase are both more calcium-rich than the average rock of the sill ($18% and 14% respectively, versus $10%) and olivine is more iron-rich than the average rock ($35% versus $13%). Magnetite, which is not plotted, would be parallel to the FeO T vector in Fig. 9a . Therefore, just as PC1 is governed by the contrast between evolved and primitive compositions, PC2 is governed by the contrast between 'gabbroic' compositions enriched in plagioclase and augite and 'ferrous' compositions. (Since the input data for the principal component analysis only included ferrous iron, we use the term 'ferrous' in this study simply to signify 'iron-rich' without implying a distinction between the ferric and ferrous state. A ferrous composition, in this context, could reflect either the residual enrichment of primarily ferric iron in a fractionating liquid or an absolute enrichment in primarily ferrous iron through mechanical accumulation of ferromagnesian silicates.) Finally, the oxides Al 2 O 3 and Na 2 O have strong positive loadings on PC3, while FeO T has the strongest negative loading (Fig. 9b, c) . The significance of this pattern is very difficult to interpret in petrologic terms. There is a clear association between positive PC3 and albitic plagioclase, but the significance of negative PC3 can only be understood by examining the mineral projections (Fig. 9e, f) . Plagioclase is close to the positive PC3 axis and the ferromagnesian minerals lie close to the negative PC3 axis. As these make clear, PC3 reflects a balance between albitic plagioclase (þ) and the mafic minerals (À).
Testing interpretations: first principal component
The first principal component summarizes over half of the compositional variation in the Black Sturgeon Sill. The process or processes that control PC1 are, therefore, the most significant factors driving compositional differentiation in the sill and the most crucial to understand. Based on oxide bi-plots and mineral associations, PC1 was preliminarily associated with the contrast between evolved (þPC1) and primitive (-PC1) compositions. Figure 10a and b compare PC1 to different trace element abundances. PC1 scores correspond most closely to the empirically-derived trace element combination 10Y -5Ni -2Á5Sr. This relationship strongly suggests that the compositional enrichment associated with this PC (reflected by Y abundance) is controlled by olivine (reflected by Ni) and, to a slightly lesser extent, plagioclase (reflected by Sr). This could mean that fractionation of olivine and plagioclase is the primary driver of liquid evolution (yielding more positive PC1 scores), or that accumulation of olivine and plagioclase are responsible for generating primitive compositions (yielding more negative PC1 scores). As will be discussed further below, our preferred explanation is the latter. In Fig. 10b , La N is compared to PC1. Since the normalized rare earth element plots are nearly parallel (Fig. 4b) , La N is used here as a proxy for overall rare earth element abundance and, therefore, degree of fractionation. Again, higher PC1 values are strongly correlated with higher La N values and thus can be attributed to overall enrichment in incompatible trace elements. The same relationships are illustrated more concretely in terms of normative (Fig. 10c) and modal (Fig. 10d) mineralogy. In both cases, PC1 corresponds to the abundance of 'residual' minerals: Q þ or ($ modal granophyre) and il þ mt ($ modal opaques) minus olivine and anorthitic plagioclase (ol þ an). Rocks with high abundances of 'residual' minerals have higher PC1 scores and rocks with high abundances of olivine and plagioclase have lower PC1 scores. The coefficient of determination (R 2 ) is lower for the modal data than for the normative data because of greater uncertainties in point-count data and because the modal data includes all plagioclase, not just anorthite as in the norm.
Testing interpretations: second principal component
The second principal component summarizes approximately one quarter of the compositional variation in the Black Sturgeon Sill. This is less than half of the variation associated with PC1, but it is still twice as much as any single (standardized) original oxide. The processes that control PC2 are, therefore, important to understand, since they account for most of the variation remaining after PC1 has been extracted. Based on oxide bi-plots and mineral associations, PC2 was preliminarily associated with the contrast between 'gabbroic' (þPC2) and 'ferrous' (-PC2) compositions. Figure 11a -c support this preliminary interpretation. PC2 scores correspond closely to the empiricallyderived combination 3Sc þ Sr -3Zn. Scandium is partitioned into augite, strontium is partitioned into plagioclase and zinc tends to substitute for iron in all minerals, tracking iron enrichment regardless of which minerals host the iron (Le Roux et al., 2010). The positive correlation between Eu/Eu* and PC2 (Fig. 11b) further demonstrates that (open-system) plagioclase accumulation is a significant factor responsible for driving PC2 to more positive values. The negative correlation between (La/Sm) N and PC2 (Fig. 11c) reflects the significance of augite in controlling this component and is a result of the different partition coefficients for the rare earth elements in augite. Because the partition coefficient for La in augite is one tenth the coefficient for Sm (Bé dard, 2014), accumulation of augite will decrease the La/Sm ratio in a crystal assemblage and its removal will produce a fractionated liquid with a higher La/Sm ratio. High PC2 scores are associated with high Eu/Eu* and low (La/Sm) N and thus can be attributed to plagioclase and augite accumulation. Low PC2 scores are associated with low Eu/Eu* and high (La/Sm) N and thus can be attributed to plagioclase and augite fractionation.
The same relationships are illustrated more concretely in terms of normative (Fig. 11d, f) and modal (Fig. 11e) mineralogy. PC2 is positively correlated with normative di and plag and negatively correlated with normative mt (Fig. 11d) . The correlation of PC2 with modal mineralogy (Fig. 11e) is not as strong as it is with normative mineralogy. This is in part explained by the aggregation of augite and pigeonite as pyroxene and magnetite and ilmenite as opaques in our pointcount data. When the point-count data are simulated by aggregating normative plag þ di þ hy -mt -il (Fig. 11f) , it more closely approximates the modal results. The biggest remaining difference (apart from the greater uncertainties in modal data than in normative data), is that some of the Group 10 samples (cyan squares) contain significant modal amphibole, which appears as pyroxene in the norm. Aggregating modal amphibole with pyroxene would bring the samples at low PC2 in Fig. 11e up toward the best-fit line.
Testing interpretations: third principal component
The third principal component summarizes only 14% of the compositional variation in the Black Sturgeon Sill and, therefore, the process or processes controlling PC3 contribute substantially less to the compositional variability than those controlling PC1 and PC2. Observed rock compositions reflect the combined effects of all the petrologic processes they experienced and removal of the stronger PC1 and PC2 signals will leave behind only a relatively weak and comparatively ambiguous PC3 signal. However, based on oxide bi-plots and mineral associations, PC3 was preliminarily associated with the contrast between compositions rich in albitic plagioclase (þPC3) and those rich in ferromagnesian minerals (-PC3).
Consistent with this interpretation, PC3 scores are strongly correlated with Sr abundance (Fig. 12a) . However, the correlation between PC3 and Eu/Eu* (Fig. 12b) is weaker than the correlation between PC2 and Eu/Eu* (Fig. 11b) . This suggests that, unlike PC2, PC3 does not depend on open-system addition or removal of plagioclase. Instead, through trial and error, we found a relationship between PC3 and the total abundance of felsic minerals, including plagioclase, quartz and potassic feldspar. Although the correlation is much stronger in terms of normative (Fig. 12c) than modal (Fig. 12d) abundances, this result suggests that, rather than simply reflecting albitic plagioclase, PC3 is governed by the balance between felsic (framework silicate) minerals and mafic minerals in the rocks.
Relationship between PCs and whole-rock parameters
Consistent with the above interpretations that the first principal component reflects the extent of fractionation and that olivine and plagioclase are key minerals controlling this parameter, PC1 scores for the Black Sturgeon Sill are highly correlated with whole-rock magnesium number (Mg#; Fig. 13a ) and anorthite number (An#; Fig. 13b ). The magnesium number is commonly used as a first-order characterization of the compositional primitivity of a rock and is controlled by fractionation (or accumulation) of mafic silicates. The anorthite number, here defined as normative an / (an þ ab), is also commonly used to quantify the primitivity of a rock. Because increasing PC1 indicates more evolved compositions, it is negatively correlated with both Mg# and An#.
PC2 is more strongly correlated with calculated liquid density (Fig. 13c) than with any of the other physical parameters and compositional indices we explored (see Supplementary Data Electronic Appendix 4 for all CIPW-derived parameters), as shown by the relationship between the second principal component and iron content. However, this correlation is substantially weaker than the others in Fig. 13 , suggesting that it does not represent a fundamental relationship. In other words, density reflects, rather than controls, the compositional variations that govern PC2.
Although the third principal component exhibits weaker correlations with trace element and modal abundances than the other two PCs, it is very well correlated with normative Q þ plag þ or (Fig. 12c) . That combination, however, is simply the differentiation index (DI; Thornton & Tuttle, 1960) , defined as total normative Q þ or þ plag þ ne þ ks. Since modal and normative feldspathoids are absent from Black Sturgeon Sill rocks, the DI for this system is equivalent to Q þ or þ plag. The correlation between DI and PC3 (Fig. 13d ) is nearly as strong as the correlations between Mg# or An# and PC1 and is stronger than the correlation between PC2 and density. As discussed previously, principal component analysis produces factors that are linearly independent of each other (see Supplementary Data Electronic Appendix 10). Hence, the magnesium number ($PC1) and the differentiation index ($PC3) are uncorrelated (Fig. 14a) , although fractionation of mafic minerals (causing Mg# to decrease) typically results in a higher proportion of framework silicates (and increased DI). Within specific stratigraphic zones, however, DI and Mg# are indeed negatively correlated (Fig. 14b) . This suggests that the underlying differentiation processes are also correlated, but only within the individual zones and not between zones. Figure 15 summarizes our interpretations of the compositional groups in terms of principal component scores. Although the division of the binary PC subspaces into quadrants is an oversimplification, it highlights the nuanced compositional distinctions that can be made using only three components. As illustrated above, the first principal component is governed by the contrast between primitive (P) and evolved (E) compositions. The second principal component is governed by the contrast between gabbroic (G) and ferrous (I) compositions. The third principal component is governed by the contrast between felsic (F) and mafic (M) compositions. In addition to the quadrants, we also indicate the 'strength' of each compositional tendency (Fig. 15d) . If the PC score is $0 for a group, its composition is unaffected by that factor and that PC is labeled 'x'. Increasingly strong tendencies along a particular compositional trajectory are labeled sequentially with the lower-case letter (e.g. 'e'), the upper-case letter (e.g. 'E') and finally with a double upper-case letter (e.g. 'EE'). Some of the combinations make intuitive sense, such as Group 7, which is highly primitive (P), mildly ferrous (i) and highly mafic (M). Others seem contradictory, such as Group 8, whose single sample is mildly primitive (p), highly gabbroic (G) and highly felsic (F). However, these compositional tendencies can be understood readily by considering modal mineralogy: this rock (sample 165Á65) consists of 65% plagioclase, 31% pyroxene, 2% opaques and 2% granophyric intergrowth. The low abundance of opaques and granophyre explains the slightly negative PC1 score, the high abundance of plagioclase and pyroxene explains the highly positive PC2 score and the high abundance of plagioclase explains the highly positive PC3 score. the importance of olivine, plagioclase and clinopyroxene in the sill's compositional variability, as they strongly control the first two principal components, which in turn explain over 75% of the total compositional variation in the system. Although the principal component analysis demonstrates the significance of these minerals in controlling the compositional variability of the sill, the specific petrogenetic behavior of the minerals becomes clear only when the rock compositions are considered in their proper spatial context. There are two plausible interpretations of the compositional variations in the Black Sturgeon Sill. The first interpretation, considering only the distribution of compositions on the plagioclase-saturated phase diagram of Walker et al. (1979) (Fig. 16a) , is that these samples record continuous fractionation of a single pulse of primitive magma. The most primitive sample (closest to the olivine corner) would be interpreted as the parental magma for this suite. The various compositions found in the sill would then reflect a simple fractionation sequence of ol þ plag ! ol þ cpx þ plag (Fig. 16b) . However, the compositional groups (Fig. 16c) , which roughly correspond to the stratigraphic zones, do not support this simple model. In particular, the olivine-free Zone IIb ($Group 3) occurs stratigraphically between the olivine-bearing rocks of Zone I ($Group 1) and the olivine-rich rocks of Zone III ($Groups 4-7), demonstrating that there is no simple gradational relationship between the rocks with compositions lying between the olivine corner and the cotectic. A simpler, and therefore our preferred, explanation: for the observed distribution of rock compositions is that these three zones represent three magma types distinguished primarily by differences in the abundance of entrained olivine (Fig. 16d) . The magma that formed Zone III had the most olivine entrained as crystal cargo and the magma that formed Zone II had the least. In this interpretation, the compositional variations in Zones I and III reflect olivine control lines, such as those seen in rocks from Kilauea Iki lava lake (Helz et al., 1989) .
Summary of principal component interpretations
Alternatively, the more olivine-rich compositions of Zone III could reflect recharge of the system with a primitive liquid that then underwent simple fractionation. Although a definitive resolution of this question is beyond the scope of the current work and will be addressed in a subsequent study focusing solely on the petrogenesis of Zone III, we believe that the crystal cargo (slurry) solution is more likely, consistent with -c) . The strength of a particular compositional tendency increases from 'x': no tendency; to lower-case letter: minor tendency; to upper-case letter: strong tendency; to double upper-case letter: very strong tendency. For example, Group 9 compositions are strongly enriched (E) based on PC1; mildly ferrous (i) based on PC2; and neither felsic or mafic based on PC3.
previous studies of similar systems (e.g. Husch, 1990; Gorring & Naslund, 1995; Gibb & Henderson, 2006; Bé dard et al., 2007; Hayes et al., 2015) .
In addition to olivine, we can test for the presence of plagioclase phenocrysts in the inferred crystal cargo using rare earth systematics, particularly the europium anomaly (Eu/Eu*) and Eu*, which is used here as a proxy for the overall abundance of rare earth elements in the rock. The chilled margin samples have little to no Eu anomaly and Eu* values of $20, consistent with values reported for other Nipigon sills by Hollings et al. (2010) . More evolved rocks in the sill (higher Eu*) have negative Eu anomalies (Eu/Eu*<1), indicating plagioclase fractionation; more primitive rocks (lower Eu*) have positive Eu anomalies (Eu/Eu*>1), indicating plagioclase accumulation. Positive Eu anomalies alone are not always proof of plagioclase accumulation (e.g. West et al., 1992) , but in this case the Eu anomalies are positively correlated with Al 2 O 3 /TiO 2 and normative plagioclase and thus can be confidently attributed to crystal accumulation (see Supplementary Data Electronic Appendix 13).
Together, these observations suggest that Zone III, consisting of rocks that are more primitive than the chilled margins, corresponds to a slurry zone. In this part of the sill, the magma was intruded with entrained olivine and plagioclase crystals. The transition from Zone II to Zone III corresponds to an emplacement sequence rather than a fractionation sequence. Thus, the lack of a continual upward evolution from primitive to evolved compositions represents an opportunity to understand the emplacement history of the sill, rather (1979) . See text for further discussion.
than evidence of a novel or complex differentiation process.
Evolved compositions
The evolved compositions in the Black Sturgeon Sill (found primarily in Zone IV) correspond very well to the modeled evolution of a melt with the composition of the chilled margin (Fig. 17) . The liquid evolution trajectory (red curve) was calculated using rhyolite-MELTS (v. 1.0.2, Gualda et al., 2012; Ghiorso & Gualda, 2015) in fractionation mode, with a starting liquid composition of the lower chilled margin (BSE-07-01-398) plus 0Á1 wt % H 2 O. System pressure was fixed at 50 MPa and oxygen fugacity was constrained to FMQ À1. These values were chosen based on the estimates of Sutcliffe (1989) for the emplacement conditions of the Nipigon sills and modified slightly to more closely match extreme compositions (e.g. Zieg, 2014) . Through most of the crystallization sequence, overall MELTS-derived compositional trends in PC space are not very sensitive to small changes in model parameters. The fit between model and observations can be evaluated in either principal component (Fig. 17a ) or standard oxide (Fig. 17b-d ) coordinate systems. Both methods have advantages and disadvantages. The PC coordinate axes illustrate the effects of all oxides simultaneously, rather than only two at a time. Principal component analysis also scales compositional variations to the range of variability observed in the data set, providing insight into the significance of discrepancies between model and observed compositions. On the other hand, bivariate oxide plots such as Fenner diagrams are much easier to interpret in terms of recognizable chemical components. They can usually be understood intuitively in relationship to end-member mineral compositions without the need to recalculate and plot compositional vectors (as in Fig. 9d-f) .
In PC1-PC2 compositional space (Fig. 17a) , the MELTS trajectory exhibits clear inflections as the crystallizing assemblage changes along the path ol ! ol þ plg ! plg þ cpx ! plg þ cpx þ mt. However, because bivariate major-oxide plots only consider two oxides at a time, they can only show the impacts of a limited number of phases. For example, in a MgO-CaO plot (Fig. 17b) , the addition of magnetite to the crystallizing assemblage at a crystallinity of $57% does not create a noticeable change in trajectory, nor does the transition from plag þ ol to plag þ cpx fractionation in a MgOTiO 2 plot (Fig. 17c) . In a MgO-K 2 O plot (Fig. 17d) , the only portion of the crystallization sequence that can be distinguished in the liquid trajectory is the first segment, in which olivine crystallized alone. Comparisons based on principal component scores capture more detail about system processes than comparisons based on the original oxides and should be used whenever possible.
In detail, many of the more evolved rocks in the sill have compositions that lie off the predicted liquid fractionation trend. In Zone IVb, the MELTS trajectory encompasses, but does not precisely match, the observed compositional range (Fig. 18) . Instead, the rocks are consistent with mixing or hybridization between more and less evolved compositions. Nearly all of the Group 9 compositions can be modeled by the addition of fractionated liquids (along the red MELTS trajectory) to rocks with compositions approximating the chilled margin. Many of the less evolved rocks in Zone IV, on the other hand, can be modeled by the extraction of fractionated liquids from the chilled margin composition.
The most highly evolved rocks in the Black Sturgeon Sill (Group 10) are found in discrete decimetre-scale pegmatitic lenses, or diffuse patches, rather than a broad 'sandwich horizon', in which compositions gradually and smoothly become more evolved inward toward a maximally enriched layer in the upper part of the sill (e.g. Cawthorn et al., 2017) . These lenses are nearly identical to the silicic segregations in the Basement Sill, Antarctica (Fodor, 2009; Zavala et al., 2011) and are believed to have formed through the same process of solidification front instability (Marsh, 2002) . The most evolved rock analysed from the Black Sturgeon Sill has a composition nearly identical to a liquid produced by $70% fractional crystallization of a liquid with the same composition as the chilled margin. This is consistent with the granophyric segregations in the Holyoke basalt (Hartford Basin, Connecticut), which formed after $75% crystallization (Philpotts et al., 1996) and those in the Basement Sill (McMurdo Dry Valleys, Antarctica), which formed after $70-75% crystallization (Fodor, 2009) .
Although it is possible that large-scale (long-distance) vertical melt movement brought the evolved interstitial liquids constituting the silicic segregations up into Zone IV from the lower zones, there is little evidence for this. Throughout Zone IV, rocks with highly evolved compositions occur in very close proximity to rocks with more typical (less evolved) compositions. For example, the two samples with the most extreme rare earth element compositions are located less than six metres apart and exhibit complementary Eu anomalies (Fig. 19) . Simple mass-balance calculations can very closely model these two compositions as the evolved liquid and residual solid after $65% fractional crystallization of a liquid with the composition of the nearby upper chilled margin. The crystallizing assemblage that produces the best matches to the observed compositions is 67% plagioclase, 17% olivine and 15% augite. This combination of melt fraction and mineral assemblage reproduces the observed rare earth compositional patterns regardless of the specific crystallization assumptions, although Rayleigh fractionation produces a slightly better match between the liquid and the observed silicic segregation composition and batch crystallization produces a slightly better match between the solid residuum and the observed plagioclase-rich diabase composition.
For comparison, the mineral assemblage predicted by MELTS after 65% fractional crystallization of the chilled margin composition comprises 51% plagioclase, 16% olivine, 30% clinopyroxene and 3% magnetite-ü lvospinel. Using this crystal assemblage in the massbalance calculations (Fig. 19) does not significantly change the predicted liquid composition, but it does result in a solid with a compositional profile unlike the plagioclase-rich diabase. Rare earth element abundances in liquid compositions will always be less sensitive to the precise mineral proportions in the crystallizing assemblage than the associated solid compositions. Thus, extraction and collection of late-stage interstitial melts from any part of Zone IV will yield evolved rocks with roughly consistent trace element profiles, but the complementary residual solids will exhibit trace element profiles that more directly reflect their specific compositions and crystallization histories.
To reiterate, we do not propose that the two compositions in Fig. 19 are literal complements, with the silicic segregation (sample 171.5) physically extracted from the original partially molten host rock, leaving behind the plagioclase-rich diabase (sample 165.65) as a residuum. Rather, the complementary compositions of these two rocks demonstrate that the heterogeneity observed in Zone IVb does not require distant or exotic sources, supporting our preferred model of local, rather than system-wide, derivation of the highly evolved liquids that formed the silicic segregations.
Summary of petrogenetic model
Based on the results and discussion above, we propose the following model to explain the compositions of rocks in the sill and their stratigraphic distribution (Fig. 20) .
Stage I. Zone I and Zone IV represent the initial magma emplacement event. This section of the sill may have been emplaced as a single $75 m injection, or may have been constructed rapidly but episodically through multiple injections of compositionally similar magma (Group 1). When emplaced, the magma in this part of the sill was close to the average composition of the sill. Late-stage movements of interstitial liquids slightly modified this profile, perhaps through compactiondriven redistribution of evolved interstitial liquids (e.g. Philpotts et al., 1996; Zieg & Marsh, 2012) . These liquid movements would have occurred after the initial emplacement event, but while the system was still partially molten.
Stage II. After a period of repose, during which the rocks that would ultimately make up Zones I and IV were crystallizing, a new batch of olivine-free magma (corresponding to Groups 2 and 3) was intruded near the center of the sill. This injection almost certainly occurred while the system was still partially molten, as demonstrated by the intermediate compositions from 55-80 m above the base (diagonal hatching in Fig. 20 ) and the hybridization/mingling along its upper interface with Zone IV (cross-hatching in Fig. 20) . Although it has not been conclusively demonstrated, this magma may have been emplaced with entrained plagioclase and augite crystals. If so, by providing abundant sites for clinopyroxene crystallization from the melt, these augite crystals may be responsible for the intergranular texture this is found almost exclusively in Zone II.
Alternatively, Zones I and II may represent a single fractionation sequence, in which the accumulation of olivine in Zone I is the result of crystal settling and accumulation and Zone II magmas are simply evolved liquids derived from the same parental magma. This would account for the decreasing PC1 scores (attributable to addition of olivine) with increasing height in Zone I and the smooth transition in PC2 scores across Zone IIa. However, the distinct PC1-PC2 compositions of Zone II rocks compared to the continuous range of Zones I and IV rocks (Fig. 7a) , leads us to favor the separate magma interpretation.
Stage III. Magmas in this part of the sill entrained abundant olivine þ plagioclase crystal cargo, which accounts for their significantly lower PC1 scores. The sharp boundaries between Zone III and Zones II and IV, along with the finer-grained textures in this zone, suggest that these injections occurred after the rest of the sill was nearly solidified. Based on textural and compositional variations (Zieg, 2014) , the final emplacement episode consisted of multiple smaller injections of similar magma belonging to compositional Groups 4-7. At least one of the individual injections was emplaced within Zone II ($98-103 m above the basal contact); this unit (Zone IIIx) may be a good indicator of the typical dimensions of the small individual injection events.
Final modifications. After emplacement of each of the three principal magmatic units, additional compositional changes primarily involved local redistribution of interstitial liquids. This is particularly evident in the highly heterogeneous Zone IV, which contains abundant silicic patches and thin lenses of granophyric micropegmatite. Alongside these evolved rocks, more primitive rocks exhibit compositional evidence for extraction of a corresponding melt phase. Although a detailed analysis of the petrologic history of this zone is outside the scope of this study, these rocks are valuable because they preserve snapshots of the evolution of interstitial liquids in the sill and place constraints on the physical conditions governing the generation and collection of these liquids. Fig. 19 . Interpretation of extreme rare earth element abundance patterns. The compositions of the most evolved rock and most primitive rock for which rare earth element data are available can be interpreted as a complementary liquid-solid pair after 65% crystallization of a magma with the composition of the chilled margin. The fits are very good for both Rayleigh fractionation and batch fractionation models. Using the MELTS phase proportions after 65% crystallization does not significantly change the model liquid composition, but yields a model residuum composition unlike the observed composition of the plagioclase-rich diabase. Partition coefficients are from Philpotts & Ague (2009) . See text for further details and discussion.
Comparison to other petrologic models
The formation of compositionally distinct layers by the intrusion of crystal-rich slurries into existing chambers has been recognized in many systems, including the Palisades Sill (Husch, 1990; Gorring & Naslund, 1995) , the Basement Sill (Marsh, 2004; Bé dard et al., 2007) , the Shiant Isles Main Sill (Gibb & Henderson, 2006; Holness et al., 2017) , the Graveyard Point Intrusion (White, 2007) , the Beacon Sill (Zieg & Marsh, 2012) , the Cullin Centre (Brandriss et al., 2014) , the Doros Complex (Owen-Smith & Ashwal, 2015) and the Lower Pyramid Sill (Hayes et al., 2015) . As in these other systems, we propose that the Black Sturgeon Sill was emplaced incrementally and that the location of successive emplacement events was controlled by an internal zone of weakness (low crystallinity) between the upper and lower solidification fronts (e.g. Miller et al., 2011) . Differences in the phenocryst loads of these sequential batches of magma are believed to be responsible for the large-scale compositional discontinuities observed in the sill. Ongoing work is investigating the degree to which these major batches (corresponding to the different chemical groups or stratigraphic zones) may in turn comprise multiple individual pulses of compositionally related liquids 6 entrained phenocrysts, such as the 5 m thick Zone IIIx. Our interpretation of the Black Sturgeon Sill is inconsistent with some recent models for the development of complex compositional profiles in mafic sills (e.g. Latypov et al., 2011; Egorova & Latypov, 2013; Cawthorn et al., 2017) . However, we do not propose that the specific petrogenetic model we have developed for this sill is generally applicable to those systems, nor was this study intended to test the validity of these, or any other particular models. Rather, our intention was to understand the petrogenetic history of the Black Sturgeon Sill and to demonstrate the ability of principal components analysis to (1) objectively identify and characterize compositional variability within a single intrusion and (2) robustly link stratigraphic variations to particular igneous processes.
CONCLUSIONS
Principal component analysis of a large compositional data set has led to a more sophisticated understanding of the petrogenetic history of the 250 m thick Black Sturgeon Sill. Previous work has documented the composite nature of the Nipigon sills in general (Sutcliffe, 1987 (Sutcliffe, , 1989 and the Black Sturgeon Sill in particular (Zieg, 2014) . In this study, we have identified four distinct units in the sill, each of which reflects a different combination of magmatic inputs and petrologic processes. We have also been able to strengthen previous assumptions of phenocryst accumulation by documenting sections of the sill that are more likely (Zone III) or less likely (Zone I) to have experienced significant olivine accumulation. Finally, the distinction we found between primitive and evolved compositions (PC1) and between felsic and mafic compositions (PC3) offers an attractive avenue for additional research, particularly because this distinction is likely to be present in other, similar systems. A closely-spaced sampling profile was helpful, but not crucial, to the success of this study; the basic petrologic processes identified by our PCA would have been recognizable with a much sparser data set. As is, we deliberately withheld 60% of our data set, including all 'extreme' compositions, from the PCA input. The compositional variance of this smaller set captured the trends, if not the range, of variance in the entire set. But with as few as 10 evenly-spaced samples for input, the PCA results (eigenvectors) are largely identical and the trace element and mineralogical interpretations of the resulting PCs will be the same. Even with data sets that are too sparse to fully understand the details of an intrusion's internal structure, principal component analysis can identify and distinguish the major petrogenetic processes operating in a system. More samples are obviously preferable, but as long as the number of samples exceeds the number of variables measured (e.g. the major oxides), the numerical routines are likely to be stable and produce meaningful results.
Principal component analysis is a straightforward process to implement and it can be used in nearly any petrologic system to not only simplify and categorize compositional data, but also to understand the processes underlying its compositional structure.
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